Abstract-This paper proposes a heterogeneous wireless communication network with soft handover in the application layer. The proposed network requires no upgrades of wireless infrastructure and mobile terminals to evolve the present homogeneous networks to the proposed heterogeneous network. Only installing application programs on the content server side and the mobile terminal side is required. The performance of the proposed network has been evaluated in a field trial using a mobile broadband wireless access (MBWA) air interface with wide coverage and a wireless local area network (WLAN) air interface with high throughput. The field trial results show that the maximum value of the handover outage time is only 170 ms. The proposed heterogeneous wireless communication network is promising since both high throughput and wide coverage area are attained by a combination of the proposed handover scheme with the present homogeneous wireless networks.
INTRODUCTION
Signal bandwidth in wireless data communications is being widened with an increase of needs for broadband wireless communication services. However, the main benefit of broadband signal, i.e., high throughput, is received by only users close to the base-station since the transmitter output power is limited. With an increase of the signal bandwidth, the maximum throughput is increased; however, the coverage area of the signal with the maximum throughput is narrowed. To solve the problem, we propose a heterogeneous wireless communication network where both high throughput and wide coverage are attained by using multiple air interfaces.
Many handover schemes [1] - [7] such as vertical handover or media independent handover have been proposed and discussed to carry out handovers across wireless networks with different air interfaces. In the already proposed handover schemes, a soft vertical handover scheme based on mobile internet protocol version 6 (Mobile IPv6), using cross-layer design, can significantly reduce outage time [7] . However, the scheme requires upgrades of wireless infrastructures and mobile terminals. All the handover schemes except the session initiation protocol (SIP) based handover [2] require the upgrades of the infrastructures and terminals since new functions for handover are required to be implemented. The SIP-based scheme requires no infrastructure upgrades; however, the scheme yields a long outage time such as several seconds or several tens of seconds since the scheme is based on hard handover [3] . A soft vertical handover scheme based on SIP has been proposed; however, the scheme requires additional equipment for soft handover [6] .
In this paper, we propose a novel soft vertical handover scheme without requiring any upgrades of the infrastructures and terminals. A key to the proposed network is an applicationlayer soft handover scheme. All the proposed handover functions are implemented in the application layer. Thus, no infrastructure upgrades but only application software installations on a server and mobile terminals are required. No additional equipment for soft handover is required in the proposed scheme.
We have carried out a field trial to confirm the feasibility of the proposed heterogeneous network with the application-layer soft handover. The air interfaces are Fast Low-latency Access with Seamless Handoff Orthogonal Frequency Division Multiplexing (FLASH OFDM) [8] - [13] and the Institute of Electrical and Electronics Engineers (IEEE) 802.11g wireless local area network (WLAN). The field trial results show that the proposed network is feasible since the handover outage time is only less than 170 ms, which is tolerable value in a commercial service. This paper is organized as follows. Section 2 describes the proposed heterogeneous wireless communication network. Section 3 describes the proposed application-layer handover scheme. Section 4 discusses the field trial results of the proposed network. Finally, Section 5 gives the conclusions.
II. PROPOSED HETEROGENEOUS WIRELESS COMMUNICATION NETWORK
This section describes an overview of the proposed heterogeneous wireless communication network.
First, a coverage problem in the present homogeneous mobile broadband wireless access (MBWA) network is discussed. To clarify the problem, the coverage estimates of uplink 64 quadrature amplitude modulation (QAM) signal based on the field trial results are shown under different bandwidth conditions. The same method as 16 QAM coverage estimation [13] , which is based on the received signal level, is used to estimate 64 QAM coverage. Figure 1 MHz. This figure shows that the estimated coverage is around 300 m. Figure 2 shows the estimated coverage area when the signal bandwidth is 5.12 MHz under the same terminal output power condition as in Fig. 1 . These figures show that the quad bandwidth condition yields narrower coverage area. The 64 QAM coverage area is almost disappeared when the signal bandwidth is 5.12 MHz. There are no coverage areas of 64 QAM when the signal bandwidths are 10.24 MHz and 20.48 MHz. The above results show that high level modulation, which yields high throughput, can be used in only the area close to the base-station. The results are generalized as follows. Maximum throughput is increased with an increase of signal bandwidth; however, the coverage area of the maximum throughput signal is narrowed. We consider that all homogeneous wireless data communication networks with traditional cellular configuration have this problem since signal bandwidth, coverage, and throughput are common basic parameters in the networks.
Next, the proposed heterogeneous wireless communication network using multiple air interfaces is discussed to solve the coverage problem. Figure 3 shows simplified service areas of the conventional homogeneous MBWA network and the proposed heterogeneous network with MBWA and WLAN air interfaces. High throughput area is limited to the cell center in the homogeneous network. In contrast, high throughput areas except the cell center are provided by the WLAN air interface in the proposed network. This means the proposed heterogeneous network attains a wider service area with high throughput than that obtained in the conventional homogeneous network. The other service areas are provided by the MBWA air interface with relatively low throughput. To provide a wireless data communication service with higher throughput and wide coverage area to users in the proposed network, seamless handover is required between wireless networks with different air interfaces. An application-layer soft handover scheme, which is a key to the proposed network, is described in the next section.
III. APPLICATION-LAYER SOFT HANDOVER SCHEME
This section describes the proposed handover scheme in the heterogeneous wireless network.
A. Overview of proposed handover scheme
In the proposed scheme, the mobile terminal has wide coverage air interface such as MBWA and high throughput air interface such as WLAN. Each air interface has different physical layer, data link layer, and IP layer. All handover functions are implemented in the application layer. Figure 4 illustrates the proposed handover scheme. The mobile terminal has multiple wireless communication cards. Each communication card independently establishes wireless links with the base-station and the access point. The mobile terminal selects an appropriate air interface from the two interfaces. In the field trial, the simple selection rule that the mobile terminal preferentially selects WLAN was adopted. The content server selects the transmission route which the mobile terminal demands, and transmits data packets along the route.
B. Handover procedure
The proposed handover procedure is as follows. As an example, the handover procedure is discussed when the mobile terminal moving in the service area of the wide coverage air interface such as MBWA, moves across the service area of the high throughput air interface such as WLAN. Figure 5 shows the mobile terminal out of the WLAN service area. The mobile terminal establishes a communication link with the content server using the MBWA air interface. When the communication link is established, the content server assigns the unique identifier and identification number to the mobile terminal. The server identifies the terminal using them. After identification is completed, the server communicates with the terminal using the MBWA air interface. Note that the identification number is not IP address. When the IP address is used as an identification number in the presence of network address translation, the proposed handover scheme cannot be carried out. Figure 6 shows the mobile terminal that has just moved into the WLAN service area. The mobile terminal establishes a communication link with the content server using the WLAN air interface. By receiving the identifier of the terminal through the WLAN air interface, the content server understands that the mobile terminal using the MBWA air interface is the same as that using the WLAN air interface. If required, the server assigns an identifier and an identification number after confirming the presence of one of them. Figure 7 shows the mobile terminal after identification. Since the content server understands the terminal using the MBWA air interface is the same as that using the WLAN air interface, the terminal can use both the communication links. In the field trial, the terminal selects the WLAN air interface corresponding to the rule that the mobile terminal preferentially selects the WLAN air interface. Figure 8 shows the mobile terminal that has just moved out of the WLAN service area. The terminal demands the removal of the WLAN identification number via MBWA after disconnecting the WLAN link. The content server removes the WLAN identification number when the server receives the removal demand from the terminal or after time-out. Figure 9 shows the mobile terminal after moving across the WLAN service area. The mobile terminal communicates with the content server using the MBWA air interface as the same as shown in Fig. 5 .
C. Implementation of proposed handover scheme
To carry out the field trial, we have developed application programs of the proposed handover scheme on the content Figure 10 shows the protocol stack of the multiple sockets. The mobile terminal selects an air interface through selecting a socket to send and receive packets.
D. Benefits of proposed handover scheme
The above handover scheme using multiple sockets gives the following benefits to the proposed heterogeneous wireless network.
1) Location management at content server
In the proposed network, only the content server manages terminal location information which service area the mobile terminal is in. The proposed network does NOT require the present wireless infrastructure such as MBWA and WLAN to manage the location information as a new function for handover. Thus, the present wireless infrastructure can be applied as it is to the proposed network.
2) Any air interface applicable to proposed network
Since the proposed handover scheme does not require the present wireless infrastructure to add functions for handover, any wireless interfaces can be applied to the proposed network. In the field trial, IEEE 802.11g and FLASH OFDM air interfaces were used; however, any air interfaces such as IEEE 802.11a/b/g/ac/ad, mobile Worldwide Interoperability for Microwave Access (WiMAX), 3G, Long Time Evolution (LTE), and LTE-advanced can be also used to construct the proposed network. If LTE and 802.11ac air interfaces are used, the proposed network can provide a wireless communication service with high throughput such as 1 Gbit/s and wide coverage area such as a cell radius of 1 or 2 km to users though the highest throughput is obtained under a low mobility condition.
3) No upgrades of wireless infrastructures and terminals
Since the handover functions of the proposed scheme are implemented as application programs on the content server and mobile terminals, only installing the programs is required to construct the proposed network. Thus, no upgrades of the present wireless infrastructures and mobile terminals are required to evolve homogeneous networks to the proposed heterogeneous wireless network. We consider that the proposed network is suitable for smart phones with two air interfaces because of the following reasons. (1) Application software can be installed. (2) Additional implementation of air interface is not required.
4) Air interface selection while keeping packet transmission routes alive
In the proposed handover scheme, one of the air interfaces can be selected while keeping all the packet transmission routes alive, using multiple sockets. Air interface selection while keeping the routes alive yields a shorter outage time than that obtained in the conventional SIP-based application layer handover scheme [2] , as well as the soft handover schemes based on Mobile IPv6 [7] and SIP [6] . Note that the former requires updates of the infrastructure and terminals, and the latter requires additional equipment for soft handover. In contrast, the proposed handover scheme requires only installations of handover application programs.
IV. FIELD TRIAL RESULTS OF PROPOSED NETWORK WITH APPLICATION-LAYER HANDOVER
This section describes the field trial results of the proposed heterogeneous wireless communication network with the application-layer handover.
A. Measurement conditions
The measurements were carried out in a building in the field trial area. The building is in both the service areas of MBWA with wide coverage and WLAN with high throughput. The MBWA service is experimentally provided in the field trial area of Sendai city in Japan [9] - [13] . We deployed a WLAN access point in the building. The FLASH OFDM MBWA network was used as a wide coverage air interface, and the IEEE 802.11g WLAN network was used as a high throughput air interface. The operating systems of the mobile terminal and the content server are Linux 2.6.9 and 2.6.14, respectively. The application programs of the proposed scheme on the server and terminal sides were written on Linux. Table 1 shows the measured outage times in the handover from MBWA to WLAN. The number of trials is 4. The measured values are ranged from 155 ms to 166 ms. Table 2 shows the measured outage times in the handover from WLAN to MBWA. The measured values are ranged from 44 ms to 112 ms. Tables 1 and 2 
B. Handover outage times

C. Measured throughput performance
In the field trial of the proposed heterogeneous wireless network, the mobile terminal preferentially selects the WLAN air interface with high throughput. Thus, it is expected that a higher percentage of terminal's stay in the WLAN service area yields a higher throughput. To confirm this, throughput measurements was carried out. Figure 11 shows the measured throughput performance. The vertical axis shows the measured throughput, and the horizontal axis shows the percentage of terminal's stay in the WLAN service area. 0 %, 50 %, and 100 % correspond 0 second, 5 seconds, and 10 seconds WLAN area stays in 10 seconds, respectively. The black diamond shows the measured performance. The solid line shows the calculated throughput performance, which is linearly interpolated by the uplink throughput of 690 kbit/s in MBWA for 0 % and the uplink throughput of 16.9 Mbit/s in WLAN for 100 %, assuming the ideal handover without outage time. The values of 690 kbit/s and 16.9 Mbit/s are the maximum throughputs of MBWA and WLAN measured in the field trial. This figure shows that the measured throughput performance is almost the same as the calculated performance under the ideal handover condition.
V. CONCLUSION
This paper proposed a heterogeneous wireless communication network where both high throughput and wide coverage area are attained. No upgrades of wireless infrastructure and mobile terminals are required to construct the proposed network using the present homogeneous wireless networks since the handover functions are implemented as application programs on the content server and mobile terminals. We have carried out a field trial to confirm the feasibility of the proposed network. The field trial results show that the measured throughput performance is almost the same as the calculated performance assuming the ideal handover without outage time. We consider that the proposed network is suitable for smart phones with two air interfaces, where application programs can be installed. We also consider that the proposed network can provide a wireless data communication service with high throughput such as 1 Gbit/s and wide coverage area such as a cell radius of 1 or 2 km to users if LTE and 802.11ac air interfaces are applied to the proposed network though the highest throughput is achieved under a low mobility condition. 
